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Two highly conserved double-strand break (DSB) repair pathways, homologous recombination (HR) and non-
homologous end joining (NHE]), function in all eukaryotes. How a cell chooses which pathway to utilize is an area
of active research and debate. During NHE], the DNA-dependent protein kinase (DNA-PK) functions as a “gate-
keeper” regulating DNA end access. Here, we provide evidence that DNA-PK regulates DNA end access via its own
autophosphorylation. We demonstrated previously that autophosphorylation within a major cluster of sites likely
mediates a conformational change that is critical for DNA end processing. Furthermore, blocking autophosphor-
ylation at these sites inhibits a cell’s ability to utilize the other major double-strand break repair pathway, HR. Here,
we define a second major cluster of DNA-PK catalytic subunit autophosphorylation sites. Whereas blocking
phosphorylation at the first cluster inhibits both end processing and HR, blocking phosphorylation at the second
cluster enhances both. We conclude that separate DNA-PK autophosphorylation events may function reciprocally
by not only regulating DNA end processing but also affecting DSB repair pathway choice.

In response to DNA double-strand breaks (DSBs), the
DNA-dependent protein kinase (DNA-PK) initiates the pro-
cess of nonhomologous DNA end joining (NHEJ) by recog-
nizing and then binding to DNA ends (reviewed in references
23 and 25). DNA-PK’s precise function during DNA repair
and V(D)J recombination has not been completely elucidated.
There is considerable evidence that DNA-PK actually plays at
least two roles during DNA repair. Because of the immense
size of DNA-PK, it is logical that it might serve as a molecular
scaffold for the recruitment of additional repair factors. In fact,
DNA-PK is known to interact with XRCC4/ligase IV (3, 18,
22) and with the Artemis nuclease to facilitate coding-end
hairpin opening during V(D)J recombination (24). Addition-
ally, since it has been shown that the protein kinase activity of
DNA-PK is essential to its function in NHEJ (20, 21), it is
likely that DNA-PK also alters the activity of itself and/or other
DNA repair factors via serine/threonine phosphorylation (re-
viewed in references 23 and 25). However, although numerous
in vitro and in vivo DNA-PK targets have been defined, the
only target to date that has been shown unequivocally to be
functionally important for NHEJ is DNA-PK catalytic subunit
(DNA-PKcs) itself (4, 9, 33).

Early work demonstrated that when bound to DNA ends,
purified DNA-PK undergoes autophosphorylation on its three
component polypeptides (the Ku70/86 heterodimer and the
catalytic subunit, DNA-PKcs) (5). This autophosphorylation
results in loss of activity and disassembly of the kinase complex.
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From these data, it was proposed that kinase disassembly
might be just as important for completing DNA repair as
DNA-PK is in initiating repair (5, 11, 26).

Recently, significant efforts from several investigators have
focused on defining and characterizing autophosphorylation
sites within the large catalytic subunit of DNA-PK (4, 9, 12,
33). We demonstrated that autophosphorylation within a ma-
jor cluster of sites (between residues 2609 and 2647, referred to
hereafter as the ABCDE cluster) (Fig. 1) likely mediates a
conformational change in the DNA-PK complex that is critical
for DNA end processing (2, 9, 28). V(D)J coding joints medi-
ated by DNA-PKcs that cannot autophosphorylate these sites
show markedly decreased DNA end processing. This work is
consistent with recent biochemical data showing that ABCDE
autophosphorylation is required for efficient joining by
XRCC4/ligase IV (2, 28, 36). Surprisingly, cells expressing
DNA-PKcs that cannot autophosphorylate ABCDE are more
radiosensitive than cells that express no DNA-PKcs at all. We
demonstrated that these cells are more radiosensitive because
of inhibition of homologous recombination (HR) by the mu-
tant DNA-PKcs (8), suggesting that DNA-PKcs that cannot
autophosphorylate ABCDE may block DNA end access to a
variety of DNA-modifying enzymes in living cells.

However, ABCDE autophosphorylation is clearly not suffi-
cient for kinase inactivation and dissociation in vitro (2, 9, 28),
suggesting that additional autophosphorylation sites within DNA-
PKcs might be functionally important. Here, we define a second
major cluster of DNA-PKcs autophosphorylation sites, and we
present evidence that these two autophosphorylation site clusters
function reciprocally to regulate DNA end processing.

Finally, it is well established that in addition to NHEJ, HR
contributes significantly to DNA double-strand break repair.
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FIG. 1. Identification of a second autophosphorylation site cluster in DNA-PKcs. (A) Top panel, sequence of the DNA-PKcs T4 fragment is
presented with potential phosphorylation sites (SQ and SY) shown in boldface type. Asterisks indicate serines that are conserved in six or more
species. Bottom panel, autoradiogram showing in vitro DNA-PK phosphorylation of equal amounts of His-tagged T4 fragment and mutant T4
fragments as indicated. The percentage of wild-type/T4 peptide phosphorylation (% WT Px) for each mutant is shown. The multiple bands in lanes
1 and 5 represent multiply phosphorylated T4 species consistent with our conclusion that multiple sites within the T4 peptide are targets of
DNA-PK’s kinase activity. (B) Diagrammatic representation of DNA-PKcs. Autophosphorylation sites are denoted with asterisks. Previously
described seven autophosphorylation sites (ABCDE and M) are as follows: T2609, T2620, S2624, T2638, T2647, S2612A, and S3205. Autophos-
phorylation sites and mutants of those sites described in this report have been denoted as follows: mutant P, S2023 and S2029; mutant Q, S2041;
and mutant R, S2056 and S2053.

However, it has been a mystery as to how a cell chooses be- MATERIALS AND METHODS

tween these two major repair pathways. The data presented Cloning, expression, and mutagenesis of DNA-PKcs T4 fragment. cDNA from
here suggest that the autophosphorylation status of DNA-PKcs HeLa cells was used as a template to amplify a fragment of DNA-PKcs (T4),
may affect DSB repair pathway choice. which corresponds to amino acids 1994 to 2065 of human DNA-PKcs. The
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primers used were as follows (written 5’ to 3'): T4(BamH I), 5’"CGGGATCCG
TTGAGGTTCCTATGGAAAGAAAG; T4(Xmal), 5’CCTAGACCTGCCACT
GGTCGTCCCGGGGGGA; and T4(Hind III), 5 CCTAGACCTGCCACT
GGTCGTAAGCTTGGG.

The PCR product was subcloned into a pQE-30 vector (QIAGEN). The
recombinant T4 peptide was expressed in Escherichia coli and purified by nickel-
nitrilotriacetic acid affinity chromatography. Serine-to-alanine mutations were
generated using a QuikChange site-directed mutagenesis kit (Stratagene) with
the following oligonucleotides: S2023A, 5'TCAGATGGTCCTGCCTATATG
TCTTC; S2029A, 5'GTCTTCCCTGGCATATTTGGCA; S2041G, 5'GAGTGA
GGAAATGGGTCAATTTGATTTCTC; S2051G, 5'CCGGAGTTCAGGGCT
ATTCATAC; S2053A, 5'GTTCAGAGCTATGCATACAGCTCCC; S2056A,
5'CTATTCATACAGCGCCCAAGACCC; S2034A, 5S'ATTTGGCAGACG
CTACCCTGAGTG; S2037A, 5’ACAGTACCCTGGCTGAGGAAATGAG;
and S2046A, 5’AATTTGATTTCGCAACCGGAGTT.

Phosphorylation condition of DNA-PK T4 mutants by purified DNA-PK.
DNA-PKcs (0.1 ng) and Ku (0.06 pg) (purified from HeLa cells as described
previously [17]) were incubated in 25 pl of reaction mixture containing 50 mM
Tris-HCI (pH 8.0), 10 mM MgCl,, 1 mM dithiothreitol, 0.2 mM EGTA, 0.1 mM
EDTA, 40 pg/ml sonicated calf thymus DNA, and approximately 1 pg of purified
His-tagged DNA-PKcs T4 proteins. Reactions were started by the addition of 0.2
mM ATP containing stabilized [y-**P]ATP (specific activity, approximately 500
cpm per pmol), and mixtures were incubated for 5 min at 30°C. Reactions were
terminated by the addition of sodium dodecyl sulfate (to 1%) and dithiothreitol
(to 10 mM). Samples were heated to 100°C for 3 min and were then analyzed by
autoradiography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on 15% polyacrylamide gels.

Oligonucleotides. Oligonucleotides and their complements (not shown) used
to introduce substitutions into the complete human DNA-PKcs cDNA are as
follows: P>A, 5'GATTCAGATGGTCCGGCCTATATGTCTTCCCTGGCA
TATTTGGCAG; P>D, 5'GATTCAGATGGTCCGGATTATATGTCTTCC
CTGGATTATTTGGCAG; Q>A, 5'GTACCCTGAGTGAAGAAATGGCTC
AATTTGATTTC; Q>D, 5’AGTACCCTGAGTGAAGAAATGGATCAATTT
GATTTC; R>A, 5'TCAGAGCTATGCATACAGCGCCCAAGACCCTAG
GCCTGCCACTG; and R>D, 5'GTTCAGAGCTATGATTACAGCGACCAA
GACCCTAGACCGGCCACTGGTCG. RecA protection oligonucleotides are
as follows: 5505, 5'CTGGATGCTTTGAGAGAATTCTTCAGCACAATT
GTG; and 6542, 5’ACAATGGAGGAGAAGGAATTCACTACATGGTGG
TTG. I-Scel site oligonucleotides are as follows: Sall site, 5'TCGACTATATTA
CCCTGTTATCCCTAGCGTAACT; and BamHI site, 5’GATCAGTTACGC
TAGGGATAACAGGGTAATATAG.

Construction and transfection of expression plasmids. Construction of the
wild-type human DNA-PKcs expression vector was described previously (32). To
generate the expression plasmids encoding the “R” phosphorylation site mutant,
duplex oligonucleotides encoding the mutation were utilized for QuikChange
PCR mutagenesis (Stratagene) of a plasmid containing a fragment of the DNA-
PKcs cDNA spanning two Ehel restriction sites in the complete DNA-PKcs
c¢DNA. To generate plasmids encoding the “P” and “Q” phosphorylation site
mutants, duplex oligonucleotides encoding each mutation were utilized for
QuikChange PCR mutagenesis reactions of plasmids spanning an EcoRI frag-
ment of the DNA-PKcs cDNA (nucleotides 5505 to 6542). This restriction
fragment was subcloned into the plasmid containing the complete cDNA that
had been restricted with EcoRI after EcoRI methylation with protection of the
two subcloning sites with RecA as described previously (16).

Cell lines, survival assays, V(D)J recombination assays, plasmid-joining
assays, and HR assays. Derivation of V3 DNA-PKcs transfectants, immunoblot
screening, and extrachromosomal recombination assays were performed as de-
scribed previously (9). Clonal survival assays were done as described previously
(8, 9). For plasmid end-joining assays, the RSS in pJH290 were replaced with
oligonucleotides containing I-Scel sites. Assays were performed by cotransfect-
ing 1 pg substrate plasmid with 6 g expression plasmid encoding the restriction
endonuclease. Isolation of recombinant plasmids was exactly as with V(D)J
assays (9). Details of deletion rates and NHEJ independence of this plasmid
end-joining assay will be published elsewhere.

V3 cells harboring the HR substrate (cell strain VD7) were described in detail
previously (1). Expression constructs encoding wild-type DNA-PKcs, ABCDE>ala,
PQR>ala, and ABCDE+PQR>ala were stably integrated into the VD7 cell strain
as described previously (9), except that pCDNAG6 was cotransfected to provide
blasticidin resistance. An assessment of DSB-induced HR was essentially as de-
scribed previously (1, 8), except that percent HR is calculated as a percentage of
transfection efficiency (measured by puromycin resistance) instead of plating effi-
ciency. Thus, the relative HR percentage is increased compared to that reported in
our previous paper, although the actual numbers are completely consistent.
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DNA-PK microfractionation, immunoblotting, measurement of protein kinase
activity, and DSB-induced nuclear mobilization. DNA-PK activity was assessed
from cell extracts as described previously (9). To visualize mobilization of DNA-
PKGcs in response to DSBs, V3 transfectants were treated for 1 h with bleomycin
(140 pM). Membrane-insoluble fractions were prepared as described previously
(13). Antibodies used for immunoblotting include anti-DNA-PKcs (monoclonal
42-2, a generous gift of Tim Carter, St. John’s University, New York, NY),
anti-B-actin (clone AC-15; Sigma), anti-laminB (goat anti-laminB; Santa Cruz),
and anti-yH2AX (clone JBW103; Upstate Biotechnology).

yH2AX focus formation. To assess YH2AX foci, cells were plated on glass
coverslips at ~60% confluence in six-well plates and were untreated or treated
with 7 uM bleomycin in serum-free alpha minimum essential medium. After 1 h,
the medium was replaced and cells were cultured for the indicated time periods
(0 h to 72 h). At the end of each time point, coverslips were washed twice with
phosphate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde for 20
min at room temperature (RT). Coverslips were then incubated for 5 min with
0.2% Triton X-100 in PBS to permeabilize cells. After being rinsed in PBS,
coverslips were blocked with 10% fetal bovine serum, 0.2% Triton X-100, and
100 pg/ml RNaseA in PBS for 1 h at RT. Cells were then incubated with
anti-y-H2AX antibody (1:8,000 dilution) overnight at 4°C. After extensive wash-
ing, Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G (A21121;
Molecular Probes) was applied at a 1:1,000 dilution and incubated for 1 h at RT.
DNA was counterstained with 1:500 diluted TO-PRO-3 iodide (T3605; Molec-
ular Probes). Coverslips were then mounted onto glass slides in Permafluor
mounting medium (434990; Thermo Electron Corporation). The fluorescently
labeled cells were examined with a Zeiss LSM Pascal confocal laser scanning
microscope.

RESULTS

Identification of a second autophosphorylation site cluster
in DNA-PKcs. Previously, we demonstrated that purified mutant
DNA-PKcs containing six autophosphorylation site alanine sub-
stitutions was indistinguishable from wild-type DNA-PK in its
ability to be stimulated by Ku and to undergo ATP-dependent
inactivation in vitro (9). Moreover, this mutant protein still un-
derwent substantial autophosphorylation in vitro (9, 28), and we
concluded that DNA-PKcs must contain other autophosphoryla-
tion sites besides the ABCDE cluster. Although the ABCDE sites
are required for the function of DNA-PKcs in both NHEJ repair
and V(D)J recombination, these sites are not responsible for
autophosphorylation-induced loss of protein kinase activity.

To identify additional phosphorylation sites, fragments of
DNA-PKcs were expressed as His-tagged fusion proteins; sev-
eral of the soluble polypeptides were purified and assayed for
their ability to be phosphorylated in vitro by DNA-PKcs. One
of these fragments, identified as T4 and corresponding to
amino acids 1994 to 2065, was highly phosphorylated by DNA-
PKcs (Fig. 1A, lane 1). A comparison of the amino acid se-
quences of DNA-PKcs from chicken, frog, dog, horse, human,
rat, and mouse indicated that this region contained several
highly conserved SQ sites (Fig. 1). This second potential au-
tophosphorylation site cluster is within a region of DNA-PKcs
with no previously ascribed function (Fig. 1B).

Like other members of the phosphatidylinositol kinase-re-
lated kinase family, DNA-PK phosphorylates many substrates
on SQ or TQ motifs but can also phosphorylate some sub-
strates in vitro, such as Ku70, Ku80 (6), and XRCC4 (37), on
serines or threonines that are followed by hydrophobic resi-
dues. We therefore mutated individual serine residues to ala-
nine (A) or glycine (G) within the T4 fragment and examined
the ability of DNA-PKcs to phosphorylate the mutant polypep-
tides in vitro. As can be seen, mutation of serines 2023, 2029,
2041, 2053, and 2056 to a nonphosphorylatable amino acid
significantly reduced the ability of DNA-PK to phosphorylate
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FIG. 2. V3 transfectants expressing DNA-PKcs with multiple alanine but not aspartic acid substitutions within the PQR cluster are modestly
radiosensitive. (A) Immunoblot analyses of whole-cell extracts (WCE) (50 pg) from V3 cell transfectants as indicated. (B) Radioresistance of V3
transfectants expressing wild-type DNA-PKcs, vector alone, or mutants P>ala, QR>ala, PQR>ala, or ABCDE>ala was assessed. In this figure
and subsequent figures, data are presented as percent survival of unirradiated controls. Error bars indicate standard errors of the means for three
independent experiments. (C) WCE prepared from V3 transfectants as indicated were assayed for DNA-PK activity. Each cell extract was tested
in duplicate, and three independent extracts were tested. Kinase activity is expressed as [y->*P]ATP incorporation into the p53 target peptide
divided by [y-*P]ATP incorporation in reactions without peptide, as described in reference 9. (D) Immunoblot analyses of WCE (20 pg) from V3
cells transfected with vector alone or wild-type DNA-PKcs expression vector or (200 pg) WCE from transfectants expressing mutants PQR>asp,
P>asp, and QR>asp, as indicated. (E) Radioresistance of V3 transfectants expressing wild-type DNA-PKcs, vector alone, or mutant P>asp,
QR>asp, PQR>asp, or PQR>ala was assessed. wt, wild type; vect., vector.

the T4 fragment, whereas mutation of the other serines did not
(Fig. 1A and data not shown). We therefore considered these
five serines to be potential DNA-PK phosphorylation sites.

S2056 was recently independently identified by other inves-
tigators as a DNA-PK autophosphorylation site; moreover, it
was shown to be autophosphorylated in response to ionizing
radiation in living cells (7, 35). Thus, just as the ABCDE cluster
has been shown to be an authentic in vivo target of DNA-PK’s
protein kinase activity (4, 7, 12), so is at least one site within the
PQR cluster.

To assess the functional relevance of autophosphorylation of
this second cluster, several point mutations of the DNA-PKcs
cDNA were generated. Initially, three mutant constructs were
generated, designated P>ala, QR>ala, and PQR>ala, with
two, three, and five mutations, respectively (Fig. 1B).

V3 transfectants expressing DNA-PKcs with multiple alanine
substitutions within the PQR cluster are modestly radiosensitive.
Expression vectors encoding wild-type or alanine-substituted
DNA-PKGcs were transfected into V3 cells, and stable clones
were isolated. The V3 cell line is DNA-PKcs deficient and
thus defective in DNA DSB repair. Cell irradiation assays
for this panel of transfectants showed that both the P and
the QR phosphorylation site mutants reversed the radiosen-

sitivity of V3 cells in a manner similar to that seen with
wild-type DNA-PKcs. However, mutant PQR>ala (with five
alanine substitutions) leaves the V3 cells partially radiosen-
sitive (Fig. 2B). In this experiment (and all subsequent ex-
periments), although data are presented only for one clone,
at least two unique clones with similar levels of DNA-PKcs
expression (Fig. 2A) were studied for each mutant, with
similar results. These results are similar to our previous
study of the ABCDE cluster (9). In that case, five of six
phosphorylation sites had to be substituted to observe a
dramatic functional difference between the mutant and wild-
type proteins, and we concluded that phosphorylation of one
or two of the sites within the cluster could suffice function-
ally. Similarly, with the PQR cluster, although autophos-
phorylation at any one particular PQR site is not required
for DNA-PK’s function, autophosphorylation of at least one
(or possibly two) of the five sites is needed. It should be
noted that cells expressing the PQR>ala mutant are still
substantially more radioresistant than cells expressing no
DNA-PKGcs at all. This is in contrast to cells expressing the
ABCDE>ala mutant, which are significantly more radiosen-
sitive than cells expressing no DNA-PKcs at all (Fig. 2B)
because of inhibition of HR by the ABCDE>ala mutant (8).



10846 CUI ET AL.

We asked whether these results might be explained by al-
tered enzymatic activity of the PQR>ala mutant. If the PQR
sites are involved in autophosphorylation-dependent inactiva-
tion of DNA-PK, the protein kinase activity of the alanine
mutant might be substantially higher than that of wild-type
DNA-PKcs. However, the protein kinase activity of the
PQR>ala mutant was indistinguishable from that of the wild-
type kinase in standard DNA cellulose “pulldown” experi-
ments (Fig. 2C).

DNA-PKcs mutants with aspartic acid substitutions of the
PQR sites completely reverse the NHE] deficits of V3 cells. In
an attempt to mimic constitutively phosphorylated PQR sites,
expression vectors with aspartic acid substitutions for the same
combinations of the five autophosphorylation sites as de-
scribed above for the alanine substitutions were constructed
(Fig. 1B). We considered three possibilities. If autophosphor-
ylation of any of the sites within the PQR cluster induces
kinase inactivation, then the aspartic acid-substituted PQR
DNA-PKcs should lack protein kinase activity and the mutant
protein should not complement the NHEJ deficit of the V3 cell
line. In this scenario, cells expressing the aspartic acid mutants
would be predicted to be more radiosensitive than cells ex-
pressing the alanine mutant. Another possibility is that the
aspartic acid substitutions would not adequately mimic phos-
phorylation. In this case, the aspartic acid-substituted mutants
might behave like the alanine mutants. Finally, autophosphor-
ylation within the PQR cluster might be important for another
reason, perhaps by inducing some conformational change in
the repair complex that facilitates subsequent steps in the re-
pair process. In this case, cells expressing the aspartic acid
mutant protein would likely display less severe deficits than
cells expressing the alanine mutant. Aspartic acid-substituted
constructs were transfected into V3 cells, and stable clones
were isolated. Though numerous transfections were performed
for each of the aspartic acid-substituted constructs, DNA-PKcs
expression levels in the resulting transfectants were uniformly
lower than in wild-type or alanine mutant-expressing clones
(Fig. 2D, note that more extract from the mutants than from
the wild-type clones [200 g versus 20 pg] was loaded to
adequately display DNA-PKcs expression). The reason for the
low expression with these constructs is under investigation.

Cell irradiation assays for this panel of DNA-PKcs mutants
were performed. To more closely match expression levels, we
used a wild-type clone expressing a lower level of DNA-PKcs.
Still, radioresistance of this wild-type clone was analogous to
that of the clone utilized for Fig. 2B. All of the PQR>asp
mutants complemented the radiosensitivity of V3 cells simi-
larly to wild-type DNA-PKcs even though the DNA-PKcs ex-
pression levels were considerably lower and regardless of
whether two, three or five sites were substituted (Fig. 2E).
From these data, we surmise that the aspartic acid substitu-
tions are reasonable mimics for phosphorylation. Since the
PQR>asp mutant completely reverses the NHEJ deficits of V3
cells whereas alanine mutants do not, it seems clear that (i) the
aspartate mutant is an active protein kinase, (ii) autophosphor-
ylation of this cluster of sites does not induce kinase inactiva-
tion, and (iii) the aspartic acid mutant can correctly progress
through the various steps of NHEJ.

PQR>ala supports only reduced levels of coding-end
joining. Because the ABCDE>ala mutant had substantially
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decreased coding-end joining in our previous report, we simi-
larly tested the POR mutants. In V(D)J recombination assays
of the clonal V3 transfectants, wild-type DNA-PKcs reverses
V3’s coding-end joining deficit as expected (Table 1). In con-
trast, V3 transfectants expressing the PQR>ala mutant have
modestly reduced coding joint levels (fivefold). For compari-
son, we also performed V(D)J assays on an ABCDE>ala-
expressing clone. Just as in our previous report, a substantial
deficit in coding-end joining was observed. V3 cells expressing
the PQR>asp mutant join coding ends at a level similar to that
of cells expressing wild-type DNA-PKcs.

Signal end joining is variably depressed in different DNA-
PKcs-deficient cell lines and in different animal models of
DNA-PKcs deficiency. V3 cells display a fairly significant de-
fect in signal end joining, about 40-fold lower in control V3
transfectants than in cells expressing wild-type DNA-PKcs
(Table 1). Although the PQR>ala mutant slightly decreased
the level of signal end joining compared to wild-type DNA-
PKcs in most experiments, the differences were not significant.

Coding joints mediated by PQR>ala have excessive nucle-
otide loss from joined coding and signal ends, whereas joints
mediated by PQR>asp have minimal nucleotide loss. In our
previous study, V(D)J assays were done by transiently express-
ing the RAG proteins as well as DNA-PKcs in the parental V3
cells (9). Here, we chose to perform V(D)J assays with clonal
transfectants. We compared the characteristics of coding joints
isolated by both techniques and found them to be similar (and,
of course, dependent on DNA-PKcs expression). Thus, for a
more thorough comparison of coding joints mediated by the au-
tophosphorylation mutants, we have included sequences from our
previous report in Table 2 and in Fig. S1 in the supplemental
material.

Coding joints isolated from cells expressing wild-type DNA-
PKecs display diverse joined termini. Nucleotide loss from cod-
ing ends ranges from 0 to 14 per end, with an average nucle-
otide loss from each joint of 4.8 (summarized in Table 2). In
contrast, coding joints recovered from cells expressing the
PQR>ala mutant had lost significantly more nucleotides. In
these joints, nucleotide loss from coding ends ranged from 0 to
23 per end, with an average of 14.1 nucleotides lost from each
joint. Although at first glance, these joints might seem similar
to joints isolated from cells lacking DNA-PKcs (where the
average nucleotide loss is 14.7), they are not. First, the rate of
recombination in cells expressing the PQR>ala mutant is
three logs higher than the rate of recombination in V3 cells
expressing no DNA-PKcs (Table 1). As with classic SCID
joints, the rare joints isolated from the V3 vector control cells
have a wide range of deletions, from 0 to 70 bp for any single
end. However, complete ends are relatively common in joints
recovered from vector-alone cells (13 of 32 ends). Further-
more, when a complete end is present, a P segment (often
abnormally long) is almost always apparent (11 out of 13
joints). In contrast, joints mediated by the PQR>ala mutant
rarely maintain complete ends (only 12 of 134 ends were com-
plete), and only one P segment was observed. Thus, classic
SCID joints either maintain a complete end with a P segment
present or have large deletions. Joints mediated by PQR>ala
uniformly display increased nucleotide loss, but with no drastic
deletions, few complete unmodified ends, and a high incidence of
short sequence homology (SSH) at the junctures. To our knowl-
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TABLE 1. PQR>ala but not PQR>asp mutants reduce the levels of V(D)J recombination”

PJH290 (coding) PJH201 (signal)

V3 clonal transfectant Cam'/Amp* % RP Cam'/Amp’ % R % Signal fidelity©
Vector only
—RAGY 0/29,800 0 0/300 0
0/8,100 0 0/9,300 0
5/47,900 0.01 0/15,100 0
11/56,700 0.02 0/5,300 0
+RAG 0/9,500 0 3/12,600 0.02 79 (23/29)
0/27,500 0 4/7,900 0.05
0/29,100 0 0/7,000 0
1/75,600 0.001 19/42,300 0.045
Wild type +RAG 42/5,000 0.84 93/4,600 2.02 87 (26/30)
24/1,800 1.33 65/2,600 2.5
15/1,400 1.07 27/9,300 0.29
37/8,300 0.45 50/15,000 0.33
PQR>ala +RAG 5/16,700 0.03 65/22,100 0.29 37 (11/30)
30/10,100 0.3 146/29,600 0.49
11/3,600 0.31 111/26,700 0.42
7/14,300 0.05 64/23,600 0.27
PQR>asp +RAG 210/18,800 1.12 179/27,900 0.64 97 (29/30)
47/27,100 0.17 465/34,500 1.35
125/20,800 0.6 531/57,100 0.93
ABCDE>ala +RAG 1/29,000 0.003 0/8,800 0 87 (26/30)
4/46,200 0.009 20/19,800 0.1
5/7,500 0.07 147/71,200 0.21
ABCDE+PQR>ala +RAG 5/120,500 0.004 2/4,300 0.047 77 (13/17)
1/27,400 0.004 2/3,000 0.067
2/14,300 0.014 2/4,100 0.049

“ RAG expression from plasmid vectors initiates recombination in the V3 cells, as assessed by the plasmid substrate pJH290 that detects coding joints or the pJH201
substrate that detects signal joints, as indicated. Numbers of ampicillin-resistant (Amp*) and chloramphenicol- and ampicillin-resistant (Cam’/Amp*) colonies from at
least three separate experiments are presented.

> %R, recombination rate, calculated as the number of Cam" colonies divided by the number of Amp* colonies X 100.

¢ Signal fidelity is equal to the percentage of ApaLl-sensitive signal joints.

@ Control transfections without RAG expression plasmids (—RAG) were performed for each clonal transfectant with results similar to those presented for the vector
only clone. For the sake of brevity, only transfections including RAG plasmids (+RAG) are presented.

edge, this is the first description of an NHEJ defect that affects from cells expressing the PQR>ala mutant. In these joints,
end processing without dramatically affecting joining rates. nucleotide loss from any single end ranged from 0 to only 7,

Surprisingly, the characteristics of coding joints mediated by with an average nucleotide loss from each joint of just 2.2.
PQR>asp are exactly opposite of those of the joints isolated Fifty-six percent of the ends analyzed in these joints were

TABLE 2. Coding joints and rejoined I-Scel breaks mediated by the PQR>ala mutant have excessive nucleotide loss, whereas those
mediated by the PQR>asp mutant have minimal nucleotide loss”

V(D)J coding joint result I-Scel joint result
% % N %
Transfectant No. of bp . Complete Sequences % P scgments/ %. segmented No. of b_p . Complete
sequences  loss/joint ends with SSH complete end N+ joints length sequences  loss/joint ends

Wild type 74 4.8 31 (46/148) 50 (37/74) 24 (11/46) 63 (24/38) 2.3 30 11.7 10 (6/60)
Wild type + Tdt 38 5.6 28 (21/76) 36 (5/14) 38 (8/21)
POR>ala 67 14.1 9 (12/134) 66 (44/67) 8 (1/12) 48 (13/27) 1.8 33 314 1.5 (1/66)
PQR>ala + Tdt 27 10.5 6 (3/54) 71 (10/14) 0(0/3)
PQR>asp 40 22 56 (45/80) 20 (6/30) 16 (7/45)
ABCDE>ala 29 1.4 71 (41/58) 0(0/29) 32(13/41)  38(6/16) 12 33 6 19.7 (13/66)
ABCDE>ala +Tdt 16 2.6 66 (21/32) 20 (2/10) 62 (13/21)
ABCDE>asp 25 3.1 38 (19/50) 52 (13/25) 26 (5/19)
ABCDE+PQR>ala 39 6.7 46 (36/78) 28 (11/39) 36 (13/36) 33 25.4 6.1 (4/66)
RAGS/I-Scel only 16 14.7 41 (13/32) 31 (5/16) 85 (11/13) 33 19.8 6.1 (4/66)

“ Some of the coding joint sequences presented (61/74 of the wild type without Tdt, 28/29 of the ABCDE>ala without Tdt, and 16/16 of the vector) are from reference
9. Average nucleotide loss/joint, % intact coding ends, % sequences with SSH (calculated only from joints lacking N segments), % P segments/complete end, % N
segment containing (% N+) joints, and N segmented length were calculated from sequences presented in Fig. S1 in the supplemental material. Although only mean
nucleotide loss is presented, both the median and the average were calculated and did not differ substantially from one another. The one ABCDE+PQR>ala sequence
with a 200-bp deletion was not included in calculating the mean nucleotide loss.
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complete (45/80); of the complete ends, 18% (8/45) contained
a P segment. SSH at the junctions is absent. Joints mediated by
the PQR>asp mutant are remarkably similar to joints medi-
ated by the ABCDE>ala mutant (Table 2; see also Fig. S1 in
the supplemental material). Joints mediated by the
ABCDE>ala mutant also display minimal end processing, los-
ing up to just 7 nucleotides from any end, with an average
nucleotide loss from each joint of only 1.4 bp. The
ABCDE>asp mutant that poorly mimics phosphorylation of
ABCDE (9) partially reverses this pattern.

The fidelity of signal end joining was also affected by PQR
mutations. In contrast to the diversity of coding joints, joining
of signal ends is usually precise, directly ligating heptamer to
heptamer, generating an Apall site. In V3 transfectants ex-
pressing wild-type DNA-PKcs, joining was precise in 87% of
signal joints (Table 1). In cells with no DNA-PKcs, 79% of the
signal joints were precise. In contrast, signal joints isolated
from cells expressing the PQR>ala mutant were much more
abundant than those from the vector-alone control cells but
notably less precise (37%). The loss of fidelity is completely
reversed in joints recovered from cells expressing PQR>asp,
where 97% of recovered signal joints are precise.

It seemed possible that terminal deoxynucleotidyl trans-
ferase (Tdt) might affect coding joint structure differently in
the presence of DNA-PKcs autophosphorylation mutants.
However, recombination rates were not altered by the pres-
ence or absence of Tdt (data not shown), and the number of
nucleotides lost in joints mediated by the wild-type DNA-PKcs
or the ABCDE>ala and PQR>ala mutants was largely un-
changed by Tdt expression (Table 2; see also Fig. S1 in the
supplemental material). Some effects on N segment addition
were seen. The ABCDE>ala mutant modestly inhibits N seg-
ment addition by Tdt; a smaller fraction of the joints have N
segments, and N segments present are shorter. This effect of
the ABCDE>ala mutant is less dramatic than its impact on
nucleotide loss. No significant change in N nucleotide addition
was seen with joints mediated by the PQR>ala mutant com-
pared to wild-type DNA-PKGcs.

To determine whether these autophosphorylation events af-
fect end processing during NHEJ not associated with V(D)J
recombination, a plasmid end-joining assay was performed.
Briefly, the RSS in the V(D)J substrate plasmids were replaced
with two restriction sites for the endonuclease I-Scel. This
plasmid was cotransfected with an expression construct for the
I-Scel endonuclease, and plasmids that delete the small oop
sequence between the restriction sites were recovered by chlor-
amphenicol selection. Similarly to other plasmid end-joining
assays of mammalian cells, plasmid rejoining does not depend
on NHEJ, but end processing is highly dependent on intact
NHEJ (19, 36). Just as with V(D)J joining, the PQR>ala
mutant promotes excessive nucleotide loss when joining I-Scel
breaks (31.4 nucleotides lost per end compared to 11.7 with
wild-type DNA-PKcs), whereas the ABCDE>ala mutant re-
duces end processing (6 nucleotides lost per end compared to
11.7 with wild-type DNA-PKcs) (Table 2). We conclude that
autophosphorylation within the ABCDE and PQR clusters
functions reciprocally to regulate DNA end processing during
both V(D)J recombination and non-V(D)J-associated DSB.

PQR phosphorylation exacerbates radiosensitivity of cells
expressing the ABCDE >ala mutant. Since autophosphorylation
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of these two clusters has opposing effects on DNA end processing
(and thus probably end access), we predicted that blocking phos-
phorylation at both clusters would partially relieve the severe
phenotype observed with the ABCDE>ala mutant. To test this
model, an expression plasmid that encodes alanine substitutions
at both clusters (ABCDE+PQR>ala) was constructed; the
paired mutant is stably expressed in V3 cells. “Pull-down” exper-
iments demonstrate that the interactions of all of these mutant
proteins with His-tagged XRCC4, Ku, and Artemis are similar to
those of wild-type DNA-PKcs (Fig. 3A, bottom panel), and robust
DNA-PK activity is present in cell extracts (Fig. 3B). We conclude
that the alanine substitutions at ABCDE and PQR do not signif-
icantly disrupt the basic structure or the enzymatic activity of the
kinase. Consistent with our hypothesis (i.e., that phosphorylation
at the PQR sites exacerbates the end-blocking effect of the
ABCDE>ala mutant), cells expressing the combined mutant are
significantly more radioresistant than cells expressing the
ABCDE>ala mutant (Fig. 3D). However, in cells expressing
the combined mutant, both coding and signal end joining are
just as severely impaired as in cells expressing the ABCDE>ala
mutant (Table 1). Sequencing of the rare coding joints medi-
ated by the combined mutant demonstrates an intermediate
level of nucleotide loss, i.e., a level between those of the
ABCDE>ala and PQR>ala mutants (Table 2 and Fig. S1 in
the supplemental material). The severe V(D)J recombination
defects in cells expressing the combined mutant suggest that
the combined mutant is just as defective in NHEJ as the
ABCDE>ala mutant. We considered that blocking PQR phos-
phorylation in the ABCDE>ala mutant reverses primarily the
inhibition of HR, explaining the increased radioresistance.
Consistent with this interpretation, cells expressing the com-
bined mutant are substantially more resistant to etoposide
(etoposide damage is repaired by either HR or NHEJ) than
are cells expressing the ABCDE>ala mutant (Fig. 3D). In
summary, these data suggest that blocking phosphorylation of
PQR allows HR factors access to etoposide-induced damage.

Blocking PQR phosphorylation promotes HR. To directly
test the effect of PQR phosphorylation on HR, another series
of transfectants was generated in a V3 cell strain that harbors
one copy of an integrated HR substrate (Fig. 3E). This sub-
strate contains two nonfunctional neomycin resistance genes
(1). The first is nonfunctional because of a frameshift mutation
that is coincident with the restriction site for the homing en-
donuclease, I-Scel. The second is nonfunctional because it
lacks a promoter. A DSB can be introduced in the first neo
gene by transient expression of I-Scel. It has been shown pre-
viously that HR repairs I-Scel-induced DSBs of this substrate.
HR was induced in each of the transfectants by transient ex-
pression of I-Scel, and the relative HR for each clonal trans-
fectant was determined. Consistent with our previous report,
repair via HR is more robust in cells completely deficient in
DNA-PKcs (vector controls) than in cells expressing DNA-
PKcs, since HR is the only major DSBR pathway intact in
DNA-PKcs-deficient cells (1, 8). The ABCDE>ala mutant sub-
stantially inhibits HR compared to wild-type DNA-PKcs (Fig. 3F
and reference 8). Our model predicts that the PQR>ala mutant
will not block HR. To our surprise, blocking PQR phosphoryla-
tion significantly potentiates HR (Fig. 3F). These data suggest
that the phosphorylation status of DNA-PKcs not only regulates
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FIG. 3. Blocking PQR phosphorylation promotes HR. (A) Top panel, immunoblot analyses of WCE (50 wg) from V3 transfectants as indicated.
Bottom panel, Western blots of Ni* agarose fractions of control Sf9 extracts (“c,” lanes 1, 3, 5, and 7) or Sf9 extracts expressing Ku, Artemis, or
XRCCH4 as indicated (lanes 2, 4, 6, and 8) coincubated with V3 extracts from cells expressing wild-type DNA-PKcs (lanes 1 and 2), mutant
ABCDE>ala (lanes 3 and 4), mutant PQR>ala (lanes 5 and 6), or mutant PQR+ABCDE>ala (lanes 7 and 8). (B) WCE prepared from V3
transfectants as indicated were assayed for DNA-PK activity as described in the legend to Fig. 2. (C) Radioresistance of V3 transfectants expressing
wild-type DNA-PKcs, vector alone, mutants ABCDE>ala, and ABCDE+PQR>ala was assessed. (D) Etoposide resistance of V3 transfectants
expressing wild-type DNA-PKcs, vector alone, mutants ABCDE>ala, and ABCDE+PQR>ala was assessed. (E) Top panel, HR substrate stably
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DNA end processing during NHEJ but may also dictate repair
pathway choice.

Blocking ABCDE phosphorylation alters the kinetics of
vYH2AX focus resolution. A cell’s initial response to a DSB
(whether repaired by NHEJ or HR) is to alter the local chro-
matin structure around the break; this alteration results in
well-characterized foci that contain high concentrations of re-
pair factors (for example, RAD51, RAD52, ATM, the MRN
complex, the FANC complex, autophosphorylated DNA-PKcs
(4, 7; reviewed in reference 15). Modification of a specialized
histone (H2AX) by phosphorylation (yH2AX) appears to be
the best marker of DSB-induced foci (15). Furthermore, recent
reports indicate that a single YH2AX focus forms at each
individual DSB (31). We considered that the autophosphory-
lation mutants might alter the induction or resolution of
YH2AX foci; thus, V3 transfectants expressing wild-type, mu-
tant, or no DNA-PKcs were treated with bleomycin to induce
DSBs, stained with antibodies specific for yYH2AX, and visual-
ized by microscopy, and the average number of foci per cell for
each cell strain was determined at various times after treat-
ment. YH2AX foci appear within minutes after irradiation; the
foci remain for several hours but are largely resolved in cells
expressing wild-type DNA-PKcs by 6 h (Fig. 4A). Consistent
with previous reports (29), resolution of yH2AX foci is signif-
icantly delayed in cells lacking DNA-PKcs. However, resolu-
tion of YH2AX foci in cells expressing the ABCDE mutant is
even slower than in cells expressing no DNA-PKcs at all, con-
sistent with our hypothesis that blocking ABCDE phosphory-
lation limits DNA end access.

Recently, it has been shown that yH2AX and associated
factors can be biochemically fractionated into a detergent-
insoluble fraction, providing further support for the idea that
YH2AX foci mark a specialized nuclear subcompartment that
is the site of DSB repair (13). Thus, we treated cells expressing
wild-type and mutant DNA-PKcs with bleomycin and isolated
the detergent-insoluble nuclear fraction (termed P3). This
fraction also contains laminB, a protein associated with the
nuclear matrix. As can be seen, whereas the three mutants
(PQR>ala, ABCDE>ala, and the combined mutant) are
present at similar levels in this fraction immediately after DSB
induction, only the ABCDE>ala mutant (that inhibits HR)
remains in this fraction at substantial levels 6 h after DNA
damage (Fig. 4B). Similarly, the yYH2AX response is dramati-
cally accentuated in the P3 fraction isolated from this mutant
but not the others. Thus, we conclude that the ABCDE mutant
does not exit the specialized DSB repair compartment with
normal kinetics. These data are consistent with the hypothesis
that the ABCDE>ala mutant blocks access of DNA ends to
various DNA repair factors.

DISCUSSION

DNA-PK has many targets; to date, the sites studied here
and the previously identified ABCDE sites are the only targets
shown unequivocally to be functionally relevant for NHEJ. As
with the ABCDE mutant, mutations in the PQR sites do not
affect the in vitro protein kinase activity of DNA-PK; thus, the
observed NHEJ deficits are likely the consequence of DNA-
PK’s inability to autophosphorylate and alter the function of
this region of the large catalytic subunit. Experiments pre-
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FIG. 4. Mutant ABCDE fails to exit the DSB-associated nuclear
compartment with normal kinetics. (A) V3 transfectants were treated
(or not) with 7 M bleomycin for 1 h on coverslips and were stained
at the indicated time points as described in Materials and Methods.
Average numbers of foci/cell are presented for each time point for the
indicated cell strains. Only one clone for each mutant is depicted, but
two independent clones for each mutant were tested with similar
results. (B) V3 transfectants were treated (or not) with 140 uM bleo-
mycin for 1 h. Cells were harvested either immediately or after 6 h of
culture in fresh medium. A triton-insoluble nuclear fraction was iso-
lated as described in reference 13 and analyzed by immunoblotting as
indicated. Densitometric quantification of the immunoblot is pre-
sented in the bottom panel. This experiment is representative of three
independent assays. wt, wild type.

sented here and previously (2, 9, 28) provide strong evidence
that the PQR and ABCDE clusters function reciprocally to
regulate end access. In fact, data from three independent bi-
ologic assays [HR, V(D)J joining, and I-Scel joining] support
this conclusion. We propose the following model (Fig. 5). Au-
tophosphorylation of DNA-PKcs results in a series of confor-
mational changes. After initial binding, unphosphorylated
(at ABCDE) DNA-PKcs protects DNA ends (panel 1). Al-
though the ABCDE region is depicted as contacting the DNA
ends, we are suggesting only that the conformation of unphos-
phorylated DNA-PKcs (not necessarily the ABCDE region)
physically protects DNA ends. In this conformation, the DNA
termini are not able to dissociate to facilitate alignment of
short sequence homologies, and the XRCC4/ligase IV complex
cannot access the DNA termini, consistent with our previous
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biochemical analyses of the ABCDE mutant (2, 9, 28). Phos-
phorylation within ABCDE results in a more open conforma-
tion, leaving DNA ends accessible to DNA modification and
open for alignment of DNA ends (panel 2). Subsequent phos-
phorylation within PQR induces a conformational change that
blocks access of DNA ends to end processing but still allows
(or promotes) interaction with XRCC4/ligase IV (panel 3).
With alanine substitutions at the ABCDE sites, the initial
“opening” conformational change would not occur, leaving the
DNA ends protected from nibbling. Moreover, since this mu-
tant maintains kinase activity, the PQR sites would be phos-
phorylated and the PQR closed conformation would occur,
exacerbating the lack of DNA end processing (panel 4). With
the PQR>ala mutant, the ABCDE sites would still be phos-
phorylated (panel 5) and thus “opened,” but the second “clos-
ing” conformational change would not occur, accentuating nu-
cleotide loss as evidenced by the sequence analysis of coding
joints mediated by the PQR mutant. This model would predict
(and is supported by the fact) that blocking phosphorylation at
both clusters should partially relieve the end-blocking effect of
the ABCDE>ala mutant. In fact, blocking phosphorylation at
PQOR in the ABCDE mutant substantially enhances HR, sug-
gesting that phosphorylation of PQR is critical to DNA-PK’s
ability to inhibit HR.

The question remains: why have two reciprocally acting auto-
phosphorylation site clusters evolved? Reciprocally regulated ac-
cess of DNA ends would be a beneficial mechanism if down-
stream repair factors were limiting compared to DNA-PK. In fact,
this is probably the case. The three component polypeptides of
DNA-PK are abundant proteins, whereas XRCC4/ligase IV are
expressed at more limiting amounts. If autophosphorylation of
DNA-PKcs allowed progressive end modification, excessive nu-

cleolytic processing might occur until XRCC4/ligase IV were cor-
rectly targeted to the repair complex. However, autophosphory-
lation of PQR (presumably after ABCDE phosphorylation)
would prevent excessive nucleotide loss prior to XRCC4/ligase
IV-mediated ligation. This would provide a beneficial mechanism
to prevent excessive DNA end degradation; it would also provide
a mechanism to exclude HR.

These data also provide evidence that the autophosphoryla-
tion state of DNA-PKcs may affect whether a cell utilizes HR
versus NHEJ to repair DSBs. Whereas blocking phosphoryla-
tion at ABCDE inhibits HR, blocking phosphorylation at PQR
significantly enhances HR. It follows that phosphorylation at
ABCDE will promote HR, but phosphorylation at PQR will
block HR. This model would predict that DNA-PKcs-deficient
cells would have an increase in HR; in fact, two different
studies have documented increased HR in cells deficient in
DNA-PK (1, 27). Consistent with this model, it has recently
been demonstrated that autophosphorylation of DNA-PKcs is
cell cycle regulated, occurring primarily in G,/G; (7) when
NHEJ predominates and HR is limited (30). PQR phosphor-
ylation in G/G, would provide a mechanism to limit HR in the
absence of a sister chromatid. Our data suggest that phosphor-
ylation of these sites blocks HR (HR would, of course, be
detrimental in G,/G,). Together, these data suggest that DNA-
PK’s autophosphorylation status blocks HR in G,/G, but al-
lows either HR or NHEJ in later stages of the cell cycle when
both pathways have been shown to be active (30). In contrast,
the nonphosphorylated status of PQR in S and G, should pro-
mote HR. Thus, in the presence of a sister chromatid, DNA-PKcs
may equally potentiate either HR or NHEJ. Though our data
suggest DNA-PK as a potential mediator of repair pathway
choice, it is not necessarily the only mediator. During preparation
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of the manuscript, Esashi et al. described cell cycle-regulated
phosphorylation of BRCA2 that disrupts its interaction with
RADS1; the consequence of this posttranslational modification is
to limit RADS51’s function (and thus HR) to S and G, (14).

It has been shown previously that autophosphorylation of
DNA-PK is affected by the type of DNA to which it is bound
(34). It will be of interest to determine the extent of ABCDE
and PQR autophosphorylation when DNA-PK is activated by
lesions that are normally repaired via HR (for example, inter-
strand cross-links) or by binding to Holliday junctions (10)
versus the extent of ABCDE and PQR autophosphorylation
when DNA-PK is activated by simple double-stranded ends.

Finally, several lines of experimentation strongly suggest
that kinase inactivation and dissociation are not mediated by
autophosphorylation within either of the two major clusters.
Studies to define the autophosphorylation events responsible
for kinase inactivation are ongoing.
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